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EXPERIMENTAL  INVESTIGATION  OF  THE  MOMENTUM  TRANSFER 
ASSOCIATED  WITH  IMPACT  INTO  THIN  ALUMINUM  TARGETS 
By  C.  Robert  Nysmith  and  B.  Pat  Denardo 
Ames  Research  Center 

SUMMARY 


Aluminum  spheres  of  3.2-mm  diameter  were  fired  into  thin  2024-T3 
aluminum  targets  at  velocities  to  8.1  km/sec,  and  the  axial  components  of  the 
ejecta  and  target  momenta  were  measured. 

It  was  observed  that  the  momentum  transfer  associated  with  impacts  into 
thin  targets  can  be  classified  into  four  different  impact  phases;  these  phases 
reflect  differing  physical  processes  in  the  targets,  and  are  determined  by 
the  impact  velocity  and  the  target  thickness.  The  physical  processes  are 
described  and  the  momentum  data  within  each  impact  phase  are  correlated. 
Measurements  of  target  mass  loss,  minimum  hole  diameter,  and  threshold- 
spallation  velocity  were  also  obtained  and  are  reported. 


INTRODUCTION 


The  use  of  meteor  bumpers  on  spacecraft  to  minimize  the  damage  from  the 
impact  of  meteoric  debris  was  first  proposed  in  1947  by  Whipple  (ref.  1),  who 
suggested  that  part  of  the  meteoroid  and  bumper  material  would  be  vaporized 
and  fragmented  upon  impact  and  the  kinetic  energy  of  the  meteoroid  divide 
among  the  broken  meteoroid  and  bumper  fragments.  The  structure  behind  the 
bumper  would  then  be  more  resistant  to  penetration  by  the  smaller,  lower- 
energy  individual  particles  sprayed  over  a  large  area.  This  hypothesis  has 
been  verified  by  experimental  impact  tests  of  meteor  bumpers  (refs.  ,  ,  an 

4). 

Despite  much  additional  study,  however,  bumper  performance  is  not 
fundamentally  well  understood,  and  an  optimum  (minimum  weight)  design  cannot 
be  defined  for  even  the  simplest  bumper-hull  structure  (double  wall).  The 
problem  is  further  complicated  when  other  structural  and  environmental 
requirements  dictate  the  use  of  more  complex  structures.  Laboratory  impact 
tests  of  these  sophisticated  structures  give  results  that  can  be  used  for  a 
qualitative  evaluation  of  a  particular  structure  within  the  experimental 
range  of  velocities  but  provide  no  information  for  improved  designs.  At  the 
present  time,  there  is  no  proven  design  method  for  a  given  meteoroid  environ¬ 
ment-  a  great  deal  of  information  on  bumper  and  structural  component  perfor¬ 
mance  is  needed  before  the  results  can  be  extrapolated  to  the  meteoroid 
environment. 


Since  meteor  bumper  effectiveness  is  determined  by  the  damage  to  the 
structure  behind  the  bumper,  investigations  of  the  physical  properties  (momen¬ 
tum,  particle  size,  particle  state,  and  particle  distribution)  of  the 
material  emanating  from  the  rear  of  the  bumper  can  be  used  to  evaluate  bumper 
performance.  In  addition,  once  the  properties  of  the  bumper  spray  material 
are  known,  the  tests  can  be  extended  to  an  investigation  of  individual  struc¬ 
tural  components  so  that,  eventually,  an  optimum  bumper-hull  structure  can  be 
designed  on  the  basis  of  the  known  performance  of  each  structural  component. 

In  this  regard,  a  number  of  investigators  are  concerned  with  determining 
the  momentum  of  the  bumper  spray  material  as  a  function  of  the  varying  impact 
conditions.  Some  of  these  results  are  given  in  references  5,  6,  and  7.  A 
similar  program  of  research  directed  toward  determining  the  momentum  imparted 
by  a  projectile  to  the  various  components  of  a  spacecraft  structure  is  being 
conducted  at  Ames  Research  Center.  The  present  report  provides  data  defining 
the  momentum  imparted  to  a  bumper  and  the  resulting  impulse  that  must  be 
absorbed  by  the  structure  behind  the  bumper.  The  primary  test  variables  are 
the  projectile  velocity  and  the  bumper  thickness.  Other  related  data  are  pre¬ 
sented,  such  as  bumper  mass  loss,  bumper  hole  diameter,  and  the  bumper 
threshold-spallation  velocity. 


SYMBOLS 


D 

d 

k 


AM 


m 

(MV)e 
(MV)  s 
(MT)t 

t 

v 


vo 

vl 


proportionality  parameters  in  ejecta  momentum  equation  (9) 
average  minimum  hole  diameter,  mm 
diameter  of  projectile,  mm 

correlating  factor  in  spray  momentum  equation 

target  mass  loss,  g 

mass  of  projectile,  g 

momentum  of  target  ejecta,  kg-m/sec 

momentum  of  target  spray,  kg-m/sec 

momentum  of  target,  kg-m/sec 

thickness  of  target,  mm 

impact  velocity,  km/sec 

velocity  at  which  the  onset  of  mass  ejection  occurs,  km/sec 
front-surface  spallation  velocity,  km/sec 
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vs  apparent  threshold  spallation  velocity,  km/sec 

v  ,  actual  threshold  spallation  velocity,  km/sec 

s (actual) 

E  target  ductility,  elongation,  cm/ cm 

pp  projectile  density,  g/cc 

p,p  target  density,  g/cc 

EXPERIMENTAL  PROCEDURE 


Tests  were  conducted  by  launching  small  projectiles  from  the  light-gas 
gun  of  the  Ames  Research  Center  Impact  Range  into  various  bumper  targets  at 
velocities  to  8.1  km/sec.  The  range  configuration  is  illustrated  in  figure  1, 
and  the  gun  is  described  in  detail  in  reference  8. 

The  projectiles  were  3.2-mm- 
diameter  2017-T4  aluminum  spheres 
with  a  nominal  mass  of  0.046  g.  They 
were  carried  down  the  bore  of  the  gun 
barrel  in  sabots  that  protected  them 
from  the  propellant  gases.  After 
launch,  the  sabots  separated  aero- 
dynamically  and  were  deflected  in  the 
blast-tank  portion  of  the  range  to 
prevent  them  from  impacting  tne  tar¬ 
gets.  The  pressure  in  the  range  var¬ 
ied  from  test  to  test  between  35  to 
180  mm  Hg  of  nitrogen  depending  on 
the  launch  conditions  and  the  impact 
velocity  required. 


The  spheres  passed  through  a  3.5- 
m-long  flight  chamber  instrumented 
with  six  spark  shadowgraph  stations,  each  representing  two  orthogonal  views  of 
the  projectile  in  flight.  Two  of  the  stations  were  equipped  with  Kerr— cell 
shutters  with  exposure  times  of  about  5  nsec  so  that  the  structural  integrity 
of  the  model  could  be  accurately  determined.  Intervals  of  time  were  recorded 
on  10-  and  100-mc  counter  chronographs,  and  the  measurements  of  time  and 
distance  permitted  the  determination  of  projectile  velocity  to  an  accuracy 
of  0.5  percent. 

From  the  flight  chamber,  the  projectiles  entered  the  instrumented 
impact  chamber  through  a  valved  port.  The  valve,  actuated  by  a  signal  from 
one  of  the  uprange  shadowgraph  stations,  closed  within  0.5  msec  after  pass¬ 
age  of  the  projectile,  thereby  protecting  the  target  from  the  gun  blast  and 
other  disturbances .  Tare  tests  with  the  valve  indicated  that  neither  the 
valve  movement  nor  gun  blast  influenced  the  impact  tests.  In  addition, 
inspection  of  all  targets  and  test  equipment  after  each  test  in  this 
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investigation  showed  no  evidence  of  extraneous  damage,  and  it  was  concluded 
that  the  fast-closing  valve  effectively  isolated  the  target  setup  from  events 
in  the  rest  of  the  range. 

The  targets  were  single  150-mm  square  sheets  of  2024-T3  aluminum 
ranging  in  thickness  from  1.00  mm  to  12.5  mm.  They  were  rigidly  mounted  to 
the  target  pendulum  of  the  multiple  ballistic  pendulum  system  shown  in 
figure  2.  A  second  pendulum  was  arranged  to  catch  the  ejecta  material 
thrown  uprange  from  the  impact.  The  pendulums  were  mounted  within  one 
another  but  were  independently  suspended  using  classical  five-wire  suspension 
systems  and  could  swing  without  interference.  Thus,  the  ejecta  pendulum 
measured  the  axial  momentum  imparted  by  the  material  thrown  uprange  from  the 
target  face  in  the  form  of  target  ejecta,  and  the  target  pendulum  measured 
the  axial  momentum  experienced  by  the  bumper.  Since  the  momenta  to  be  mea¬ 
sured,  in  many  cases,  were  quite  small,  the  pendulums  were  made  of  aluminum 
channel  so  that  they  would  be  as  light  as  possible  and  still  be  structurally 
rigid.  Each  pendulum  was  weighed  accurately  and  its  period  determined  before 
each  test.  During  each  test  an  open-shutter  camera  recorded  the  motion  of  a 
steady  light  attached  to  each  pendulum.  Pendulum  velocity,  and  hence  momen¬ 
tum,  was  determined  by  the  method  outlined  in  reference  9.  An  analysis  of 
all  the  parameters  involved  in  the  computation  of  pendulum  momentum  indicates 
that  momenta  were  determined  to  within  an  accuracy  of  1  percent. 


Open  Shutter  Camera 


Figure  2.-  Multiple  ballistic  pendulum  system. 
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The  selection  of  the  material  to  be  used  on  the  ejecta  pendulum  to  catch 
the  ejecta  was  very  critical:  If  this  material  tended  to  splash  material 
back  when  the  ejecta  struck  it,  the  secondary  backsplash  affected  the  target 
pendulum  and  made  the  results  of  both  measurements  unreliable.  After  a 
short  investigation  of  the  cratering  characteristics  of  a  number  of  materials, 
high-density  polyethylene  was  selected  as  a  catcher  material  because  of  its 
ability  to  resist  splashing. 

Two  12. 5 -mm- thick  slabs  of  polyethylene  were  attached  to  the  front  and 
rear  of  the  ejecta  pendulum,  as  shown  in  figure  2.  A  25.5-mm  diameter  hole, 
centered  on  boreline,  was  drilled  through  each  polyethylene  slab  so  that  the 
projectile  could  pass  through  the  ejecta  pendulum  and  strike  the  target. 

The  polyethylene  slab  nearest  the  target  served  as  the  ejecta  catcher,  and 
the  polyethylene  on  the  front  of  the  ejecta  pendulum  served  a  dual  purpose  as 
a  counterweight  and  as  a  backup  to  catch  any  ejecta  that  passed  through  the 
hole  in  the  polyethylene  on  the  rear  of  the  pendulum.  Since  the  targets  in 
this  investigation  were  generally  thin  and  were  perforated  by  impact,  mate¬ 
rial  was  ejected  at  relatively  low  angles  to  the  target  surface.  To  catch 
all  of  the  target  ejecta,  it  was  necessary  to  position  the  rearmost  poly¬ 
ethylene  slab  as  close  to  the  target  as  possible  while  maintaining  enough 
clearance  so  that  sufficient  pendulum  motions  could  be  obtained  for  accurate 
momentum  measurements.  This  separation  distance  was  approximately  76  mm.  In 
addition,  thin-walled  metal  extensions  were  attached  to  the  rear  of  the 
ejecta  pendulum  that  projected  downrange  and  essentially  surrounded  the 
target.  These  extensions,  shown  in  figure  2,  ensured  that  any  axial  momen¬ 
tum  contribution  from  ejecta  leaving  almost  parallel  to  the  target  face  would 
not  be  lost.  Inspection  of  the  polyethylene  slab  after  each  test  showed  a 
well-defined  ejecta  damage  pattern  that  clearly  indicated  whether  any  ejecta 
passed  through  the  hole  in  the  polyethylene. 

A  number  of  tests  were  also  conducted  in  which  a  third  pendulum  was 
used  to  catch  the  spray  material  and  measure  its  axial  momentum.  However, 
regardless  of  the  design  of  the  spray  catcher  and  the  material  used  to  catch 
the  spray,  the  spray  material  was  always  so  energetic  that  backsplash 
occurred  and  reliable  momenta  measurements  could  not  be  obtained.  Therefore, 
attempts  to  experimentally  measure  the  momentum  of  the  spray  material  were 
abandoned. 


DISCUSSION  OF  RESULTS 


General  Remarks  on  Momentum  Transfer  in  Thin  Targets 

When  a  projectile  impacts  a  target,  the  projectile  momentum  must  be 
conserved  in  the  target  ejecta,  target  spray,  and  target  motion.  These 
quantities  are  related  through  the  cons ervation-of- momentum  equation 

mv  =  (MV)t  +  (MV)S  -  (MV)e  (1) 
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where  the  projectile,  target,  and  spray  momenta  are  positive  measured  down- 
range  and  the  ejecta  momentum  is  positive  measured  uprange .  Three  of  these 
terms  (mv,  (MV)x>  and  (MV)g)  were  measured  in  the  present  experiments  making 
it  possible  to  calculate  the  fourth,  (MV)g. 


Division  of  axial  momentum 
depends  on  the  physical  processes 
in  the  target  during  impact.  A  gen¬ 
eralized  representation  of  the  divi¬ 
sion  of  momentum  for  a  typical  t/d 
is  shown  in  figure  3,  where  the  var¬ 
ious  momentum  components  are 
plotted  versus  impact  velocity. 

This  representation  has  four  impact 
velocity  phases,  described  below. 

Note  that  the  actual  results  of 
tests  for  a  particular  t/d  may 
fall  into  a  more  limited  number  of 
phases  because  of  the  velocity  limi¬ 
tations  of  the  test  facility.  Thus, 
data  within  all  four  target  reac¬ 
tion  phases  were  obtained  by  test¬ 
ing  at  a  number  of  t/d  over  as 
large  a  velocity  range  as  possible. 

Phase  I.-  Within  the  Phase  I 
region,  the  target  has  not  been  per¬ 
forated  or  spalled,  (MV)g  =  0,  and 
equation  (1)  reduces  to 

(MV)t  =  mv  +  (MV)e  (2) 

Thus,  the  momentum  of  the  target  is 
simply  the  sum  of  the  projectile 
momentum  and  the  ejecta  momentum.  Momentum  data  for  semi-infinitely  thick 
targets  such  as  that  presented  and  discussed  in  references  9  and  10  are 
defined  by  this  phase.  For  thin-target  investigations,  as  the  targets 
approach  the  thick-target  limit,  the  momentum  results  should  move  toward  agree¬ 
ment  with  the  published  thick-target  data. 

Phase  II.-  At  the  threshold  spallation  velocity,  vs ,  material  is  spalled 
from  the  rear  of  the  target  and  the  spray  momentum  increases  from  zero.  The 
target  momentum  accordingly  begins  to  decrease.  For  certain  t/d,  as  the 
impact  velocity  increases  from  vs ,  the  target  momentum  actually  becomes  neg¬ 
ative  as  shown  in  figure  3.  This  implies  that,  under  certain  conditions,  the 
impulsive  load  on  the  meteor  bumper  of  a  space  vehicle  will  be  directed  away 
from  the  vehicle  hull  rather  than  toward  it. 

Phase  III.-  As  the  impact  velocity  increases  throughout  the  Phase  II 
impact  region,  all  the  components  of  momentum  vary  in  a  smooth  and  systematic 
fashion.  Then  a  transition  velocity  v^  is  attained,  at  which  target  mate¬ 
rial  is  spalled  from  the  target's  front  surface  causing  an  increase  in  both 


Impact  velocity,  v 

Figure  3.-  Representation  of  the  division  of 
momentum  for  a  typical  t/d  ratio. 
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the  eiecta  and  target  momentum.  This  phenomenon  is  not  related  to  the  crater 
Z  detachment  process  described  by  Denardo  (ref.  11);  it. W-rs  instead  to 
be"a  thin-target  front-surface-spallation  process  caused  by  interactions  of 
the  reflectedgshock  waves  within  the  target  material.  The  shaded  region  m 
figure  3  indicates  that  this  spallation  process  does  not  always  occur  at 
precisely  v7  and  is  not  always  complete.  In  practice,  for  a  given  t/d, 
there  is  a  small  velocity  range  (which  has  not  been  determined)  m  which 
front-surface  spallation  is  quite  random.  This  spallation  phenomenon  repre 
sents  the  impact  velocity  range  within  which  a  given  target  becomes  essen¬ 
tially  thin  in  that  its  front  and  rear  surfaces  after  impact  are  virtual  y 
identical  in  appearance.  As  the  impact  velocity  increases  above  ,  the 
target  momentum  gradually  approaches  zero. 

Phase  IV.-  Within  the  Phase  IV  region,  the  target  momentum  is  zero  and 
equation  (1)  reduces  to 

(MV)  c  =  mv  +  (MV)  p 


This  impact  region  is  represented  by 
very  thin  targets  impacted  at  the 
Velocities  of  these  tests  or  thicker 
targets  impacted  at  much  higher 
velocities . 


Correlation  of  Momentum  Data 

In  the  following  discussion,  the 
various  components  of  momentum  are 
expressed  as  functions  of  velocity  and 
t/d.  These  relations  do  not  include 
any  effects  of  projectile  size  since  a 
constant  diameter  projectile  was  used 
throughout  this  test  series.  The  pro¬ 
jectile  diameter  is  used  throughout 
this  paper  as  a  normalization  factor 
for  the  target  thickness,  and  the 
results  given  here  do  not  imply  the 
absence  of  a  scale  effect  such  as  that 
observed  in  reference  11.  The  extent 
of  the  scale  effect  has  yet  to  be 
determined. 

Spray  momentum.-  In  figure  4  the 
spray  momentum,  calculated  from  the 
measurements  by  use  of  equation  (1), 
is  plotted  versus  the  impact  velocity 
for  the  various  t/d.  The  data  are 
fitted  by  equations  of  the  form 


Impact  velocity,  v,  km/sec 

Figure  4.-  Variation  of  spray  momentum  with 
impact  velocity  for  various  t/d  ratios. 


(MV)S  =  mk(v  -  vs)  (4) 
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where  both  k,  the  slope  of  a  particular  curve,  and  vs ,  the  intercept  of  the 
curve  with  the  velocity  axis,  are  functions  of  t/d. 


k 


For  each  t/d  greater  than  0.498, 
least-squares  values  for  k  and  vs 
are  plotted  versus  t/d  in  figures  5 
and  6,  respectively.  In  the  limit  of 
very  thin  targets,  k  must  go  to  1.0 
and  vg  must  go  to  zero  so  that 
(MV) g  =  mv  (spray  momentum  equals  pro¬ 
jectile  momentum). 
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Figure  5.-  Variation  of  k  with  t/d. 


In  figure  6,  tHe  threshold 
35  velocity  curve,  as  determined  from  the 
intercepts  of  the  linear  spray  momen¬ 
tum  curves  with  the  velocity  axis  in 
figure  4,  is  given  by  the  equation 


vs  =  2.08(t/d)°-83  (5) 

However,  as  explained  in  the  next  sec¬ 
tion,  the  momentum  measurements  of  tar¬ 
gets  at  velocities  near  the  threshold 
spallation  velocity  indicate  that  a 
small  velocity  range  is  required  for 
the  spray  momentum  curves  to  become 
linear.  Consequently,  the  actual 
threshold  spallation  velocities  are 
always  somewhat  less  than  those  given 
by  equation  (5) . 


Figure  6.-  Variation  of  the  spallation  velocity  Actual  threshold  Spallation 

with  t/d.  velocity.-  A  short  test  series  was  con- 

ducted  to  determine  the  actual  thres¬ 
hold  spallation  velocities  for  three  target  thicknesses.  The  targets  were 
tested  at  velocities  both  greater  than  and  less  than  the  threshold  condition, 
and  the  threshold  spallation  velocity  was  determined  within  ±0.06  km/sec  for 
each  target  thickness.  These  data  are  presented  in  figure  6  and  are  fit  by 
the  equation 


vs (actual)  -  l-80Ct/d)Ve  (6 

Equations  (5)  and  (6)  are  limited  to  the  impact  of  2024-T3  aluminum 
targets  by  3. 2-mm- diameter  aluminum  spheres.  These  equations  may  be  applica¬ 
ble  to  other  projectile  sizes  and  materials  and  other  "brittle"  target  mate¬ 
rials  if  they  are  adjusted  on  the  basis  of  the  results  of  references  11  and 
12.  With  appropriate  adjustments  to  equation  (6),  the  actual  threshold 
spallation  thickness  for  other  sizes  and  brittle  target  materials  is 
predicted  to  be 


t/d  =  0.44(l/e)1/18(pp/pT)1/2v8/7d1/18  (7) 
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In  contrast.  Fish  (ref.  12)  has  shown  that  a  ductile  target  spalls  and 
is  perforated  at  about  the  same  velocity.  The  threshold  spallation  thickness 
for  ductile  targets  is  given  by  the  Fish-Summers  threshold  penetration 
equation  that  is  based  on  the  data  of  references  11  and  12: 

t/d  =  0.57(l/e)1/18(pp/pT)1/2v7/8d1/18  (8) 


Ejecta  momentum.-  The  measurements  of  ejecta  momentum  are  plotted  versus 
impact  velocity  for  the  various  t/d  in  figure  7.  These  data  are  fitted  by 
the  equation 


Figure  7.-  Variation  of  ejecta  momentum  with 
impact  velocity  for  various  t/d  ratios. 


Figure  8.-  Variation  of  c  with  t/d. 


(MV)e  =  mc(v  -  vD)2  (9) 

where  c  is,  once  again,  a  function 
of  t/d  and  vQ  is  the  velocity  at 
which  the  onset  of  uprange  mass  ejec¬ 
tion  occurs.  For  impacts  of  identical 
2017-T4  aluminum  projectiles  into 
thick  aluminum  targets,  Denardo  in  ref¬ 
erence  10  gives  v0  equal  to 
0.55  km/sec. 

Least- squares  values  of  c, 
computed  for  each  t/d  in  figure  7 
greater  than  0.498,  are  plotted  versus 
t/d  in  figure  8.  It  is  observed 
that  c  is  double- valued  for  t/d  of 
0.983  and  1.472.  This  result  is  the 
consequence  of  the  front-surface  spall¬ 
ation  transition  described  earlier  and 
represents  the  transition  from  impacts 
in  the  Phase  II  region  to  impacts  in 
the  Phase  III  region.  The  photographs 
of  targets  with  and  without  front- 
surface  spallation  in  figure  9  illus¬ 
trate  this  phenomenon.  The  difference 
between  the  two  targets  is  obvious . 

The  ejecta  momentum  and,  correspond¬ 
ingly,  the  target  momentum  are 
strongly  dependent  on  whether  the 
front  surface  has  spalled.  The  tar¬ 
gets  and  their  corresponding  ejecta 
momenta  were  consistent  in  all  cases, 
indicating  that  within  the  velocity 
range  of  these  tests,  targets  with 
t/d  less  than  0.983  are  in  the 
"spalled"  Phases  III  and  IV  impact 
regions,  and  targets  with  t/d 
greater  than  1.472  are  in  the  "no 
spall"  Phase  I  and  II  impact  regions. 
Targets  with  t/d  of  0.983  and  1.472 
encompass  the  transition  region 
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(a)  Front  surface  not  spalled. 


(b)  Front  surface  spalled. 

Figure  9.-  Illustration  of  target  front  surface 
spallation  phenomenon  for  t/d  =  1.472  and 
v  =  7.50  km/  sec. 


_  3I _ I _ 1 - 1 — . - 1 - 1 

0  2  4  6  8  10 

Impact  velocity,  v,  km/sec 

Figure  10. -  Variation  of  target  momentum  with 


impact  velocity  for  various  t/d  ratios. 


between  Phases  II  and  III  and  give  an  approximation  for  the  front -surface 
spallation  velocity  v^,  such  that 


v  ^  =“  5  (t/d) 


(10) 


It  may  be  noticed  that  the  constant  in  this  equation  is  very  nearly  the 
sonic  velocity  in  aluminum.  It  seems  reasonable  that  spallation  from  the 
front  surface  will  be  some  function  of  the  sonic  velocity,  but  the  data  of 
these  tests  are  too  limited  to  determine  this  relation. 


In  figure  8,  the  front-surface  spall  curve  has  been  extrapolated  to  the 
larger  t/d  of  this  experiment,  and  correspondingly  higher  impact  velocities 
based  upon  the  ejecta  momentum  data  for  a  t/d  of  1.472.  Velocity  curves, 
calculated  from  equation  (10),  representing  the  impact  velocity  at  which 
front-surface  spallation  occurs  and  the  ejecta  momentum  changes,  are  also 
presented.  The  horizontal  dashed  curve  represents  the  value  of  c  that  fits 
the  data  presented  in  references  10  and  11  for  semi-infinitely  thick  targets. 
Values  of  cl5  that  is,  values  of  c  for  targets  where  the  front  surface  has 
not  spalled,  should  approach  this  value  in  the  limit  of  large  t/d. 

Target  momentum.-  Figure  10  presents  the  target  momentum  as  a  function 
of  the  impact  velocity  for  the  different  t/d.  This  figure  clearly  shows  the 
target  response  for  the  various  phases  on  impact.  For  t/d  of  0.983  and 
less,  the  target  momentum  is  zero  or  becomes  zero  within  the  velocity  range 
of  these  tests..  This  denotes  the  Phase  IV  impact  region.  Within  this  region, 
the  spray  momentum  is  given  by  equation  (3) , 
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(MV)S  =  mv  +  (MV)E 

Substituting  equation  (9)  into  equation  (3)  gives 

(MV)  s  =  mv  +  cm(v  -  v0)2 


(3) 


(11) 


within  the  Phase  IV  region. 


Summary  of  Momentum  Data 

The  various  momentum  equations  used  to  correlate  the  data  throughout 
the  four  impact  phases,  and  the  transition  velocities  for  each  phase  are 
summarized  below. 

Phase  I:  The  target  has  not  been  perforated  or  spalled. 


(MV)  s  =  0 

(MV)e  =  mci (v  -  vQ)2 
(MV)t  =  mv  +  mci (v  -  vQ)2 

where  ci  is  the  value  of  c  when  the  front  surface  has  not  spalled  and  is 
a  function  of  t/d  in  figure  8. 

Phase  II:  At  vs,  material  is  spalled  from  the  rear  of  the  target. 

vs  (actual)  =  l-Wt/d)7/8 

vs  =  2 . 08(t/ d) 0 • 8  3 

(MV) g  =  mk(v  -  vs) 

(MV)E  =  mci (v  -  v0) 2 

(MV)^,  =  mv  +  mci  (v  -  vG)2  -  mk(v  -  vs) 

where  k  is  a  function  of  t/d  in  figure  5. 

Phase  III:  At  v7  ,  material  is  spalled  from  the  front  surface  of  the 
target,  and  the  value  of  c  changes  from  c^  to  C2  and  is  also  given  as  a 
function  of  t/d  in  figure  8. 

v^  =»  5.0 (t/d) 

(MV) s  =  mk(v  -  vs) 


(MV)e  =  mc2(v  -  vQ) 2 
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(MV)j  =  mv  +  mc2(v  -  v0)2  -  mk(v  -  vs) 

Within  this  impact  region,  the  target  momentum  gradually  approaches  zero. 

Phase  IV:  In  this  impact  region,  the  target  momentum  is  zero,  and  the 
impacts  are  in  every  sense  thin-target  impacts. 

(MV) 5  =  mv  +  mc2(v  -  vQ) 2 
(MV)e  =  mc2(v  -  v0)2 
(MV)t  =  0 


Target  Hole  Formation  and  Mass  Loss 

The  average  minimum  hole  diameter  in  the  targets  is  presented  in 
figure  11,  where  the  ratio  of  the  hole  diameter  to  the  projectile  diameter. 
D/d,  is  plotted  versus  the  impact  velocity  for  the  different  t/d  investi¬ 
gated.1  All  the  data  for  t/d  less  than  0.983  and  the  higher  velocity 
points  of  0.983  are  fitted  by  the  family  of  curves  shown  as  solid  lines  and 
given  by  the  equation 


D/d  =  1.47(t/d)°-4V/2  (12) 

Equation  (12)  represents  the  equilibrium  hole  growth  condition  for  thin  tar¬ 
gets  impacted  at  high  velocities  where  front  and  rear  surface  effects  are 
negligible  and  the  hole  diameter  increases  primarily  as  a  result  of  the 
radially  expanding  shock  wave  in  the  thin  sheet.  Targets  with  t/d  greater 
than  0.983  still  experience  the  surface  effects  characteristic  of  thick  tar¬ 
gets  and  have  not  attained  the  equilibrium  condition  within  this  velocity 
range.  This  reasoning  is  supported  by  the  fact  that  only  targets  with  t/d 
of  0.983  or  less  were  in  the  Phase  IV  impact  region  characteristic  of  truly 
thin-target  impacts. 

Equation  (12)  and  the  hole-diameter  equation  for  2024-T3  aluminum 
targets  impacted  by  pyrex  glass  spheres  (eq.  (2),  in  ref.  4)  differ  only  by 
their  constant.  Provided  this  change  in  constants  results  from  the  change  in 
projectile  density,  a  postulated  equation  for  the  hole  diameter  produced  in 
2024-T3  aluminum  bumpers  by  ;he  impact  of  spherical  projectiles  (disregarding 
any  projectile  size  effects)  is  given  by 

D/d  =  0.88Pp1/2(t/d)0.45vl/2  (13) 


■’■Figures  11  and  12  show  more  data  points  than  appear  in  previous  momentum- 
velocity  plots.  Target  hole  diameter  and  mass-loss  data  were  accrued  on 
a  number  of  tests  when  momentum  results  were  not  obtained:  during  the 
development  phase  of  the  pendulum  design  and  later  when  malfunction  in 
the  pendulum  system  occurred. 
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(b)  t/d  ratios  greater  than  1.0* 

Figure  11.-  Variation  of  hole  diameter  with 
impact  velocity  for  various  t/d  ratios. 


Figure  12.-  Variation  of  target  mass  loss  with 
impact  velocity  and  t/d  ratio. 


Measurements  also  were  made  of  the  target  mass  loss.  Each  target  was 
weighed  before  and  after  it  was  impacted,  and  the  mass  loss  was  determine 
an  accuracy  of  1  percent  or  better.  These  data  are  presented  m  figure  12, 
where  the  ratio  of  the  target  mass  loss  to  the  P^iectUe  mass  A  1 

plotted  versus  the  impact  velocity  squared  for  various  t/d.  The  heavy  b 
curve  in  this  figure  represents  the  thick-target  mass-loss  data  of  references 

10  and  11  given  by 


AM/m  =  0.130v2-6 


(14) 


The  thin  targets  that  have  not  spalled  or  been  perforated  are  shown  as  the 
filled  symbols  and  fit  the  equation 


AM/m  =  0.065v2-6 


(15) 


This  equation  is  shown  as  the  dot-dash  curve  and  falls  below  the  thick-target 
mass -loss  curve .  One  explanation  for  this  result  is  that  some  of  the  projec¬ 
tile’s  energy  is  used  to  deform  the  thin  target  and  dimple  its  rear  surface 
rather  San  eject  target  mass.  It  is  noted  that  the  mass  loss  of  an  unspalled 
thin  target  is' just  hllf  that  of  a  thick  target  impacted  at  the  same  velocity. 
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The  mass- loss  data  for  t/d  less  than  0.983  and  the  higher  velocity 
points  for  0.983  are  fitted  by  the  equation 

AM/m  =  4.1 (t/d) 2v  (16) 

As  in  the  case  of  the  target-hole  diameter  data,  targets  with  t/d  greater 
than  0.983  have  not  attained  the  hole  growth  equilibrium  condition  representa¬ 
tive  of  truly  thin  targets  within  the  velocity  range  of  these  tests. 

The  mass  loss  of  targets  of  a  given  thickness  can  be  categorized  into 
the  different  impact  velocity  phases  in  the  same  manner  as  the  target 
momentum  response . 

Phase  I :  At  impact  velocities  less  than  the  spallation  velocity  vs , 
target  mass loss  varies  according  to  equation  (15) . 

Phase  II:  At  ,  the  target  spalls  and  the  mass  loss  increases 
dramatical 1y ;  as  the  impact  velocity  increases  above  vs ,  the  target  mass  loss 
continues  to  increase  rapidly. 

Phase  III:  At  v^ ,  front-surface  spallation  occurs  and  the  target  mass 
loss  increases  abruptly;  this  phenomenon  is  illustrated  in  figure  12  by  the 
mass-loss  data  for  a  t/d  ratio  of  1.472  at  an  impact  velocity  of  about 
7.5  km/sec.  Within  this  impact  phase,  target  mass  loss  increases  slowly  with 
increasing  impact  velocity  since  the  thin-target  equilibrium  condition  is 
being  approached. 

Phase  IV:  The  thin-target  equilibrium  condition  is  established,  and 
target  mass  loss  varies  according  to  equation  (16). 

Equation  (16)  is  identical  to  equation  (3),  reference  4,  which 
describes  the  impact  of  pyrex  glass  spheres  into  thin  2024-T3  aluminum  targets, 
and  indicates  that  target  mass  loss  is  independent  of  projectile  density. 

Target  mass  loss  varies  with  the  square  of  the  hole  diameter  times  the  sheet 
thickness  and  the  projectile  and  target  densities  according  to 

AM/m  pTD2t/ppd3  =  (pT/pp)  (D/d)2(t/d)  (17) 

Substituting  equation  (13)  into  equation  (17)  yields 

AM/m  ^  pT/pp(pp) (t/d) 1 -9v  =  p T (t/ d) 1 • 9v  (18) 

Thus,  the  fact  that  target  mass  loss  does  not  vary  with  projectile  density 
tends  to  substantiate  the  target  hole  diameter  dependence  on  the  one-half 
power  of  the  projectile  density.  It  is  also  evident  that  the  target  hole  diam¬ 
eter  and  mass-loss  data  are  compatible  with  regard  to  the  impact  velocity 
exponent,  but  that  the  target  mass  loss  is  influenced  by  an  additional 
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(t/d)1/10  effect.  It  is  thought  that  this  effect  is  due  to  additional  mass 
contained  in  the  spalled  material  that  is  not  accounted  for  by  minimum  hole 
diameter  measurements. 
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